The combined effects of carbon dioxide (CO 2 ) enrichment and water deficits on nodulation and N 2 fixation were analysed in soybean [Glycine max (L.) Merr.]. Two shortterm experiments were conducted in greenhouses with plants subjected to soil drying, while exposed to CO 2 atmospheres of either 360 or 700 µmol CO 2 mol -1 . Under drought-stressed conditions, elevated [CO 2 ] resulted in a delay in the decrease in N 2 fixation rates associated with drying of the soil used in these experiments. The elevated [CO 2 ] also allowed the plants under drought to sustain significant increases in nodule number and mass relative to those under ambient [CO 2 ]. The total non-structural carbohydrate (TNC) concentration was lower in the shoots of the plants exposed to drought; however, plants under elevated CO 2 had much higher TNC levels than those under ambient CO 2 . For both [CO 2 ] treatments, drought stress induced a substantial accumulation of TNC in the nodules that paralleled N 2 fixation decline, which indicates that nodule activity under drought may not be carbon limited. Under drought stress, ureide concentration increased in all plant tissues. However, exposure to elevated [CO 2 ] resulted in substantially less drought-induced ureide accumulation in leaf and petiole tissues. A strong negative correlation was found between ureide accumulation and TNC levels in the leaves. This relationship, together with the large effect of elevated [CO 2 ] on the decrease of ureide accumulation in the leaves, indicated the importance of ureide breakdown in the response of N 2 fixation to drought and of feedback inhibition by ureides on nodule activity. It is concluded that an important effect of CO 2 enrichment on soybean under drought conditions is an enhancement of photoassimilation, an increased partitioning of carbon to nodules and a decrease of leaf ureide levels, which is associated with sustained nodule growth and N 2 rates under soil water deficits. We suggest that future [CO 2 ] increases are likely to benefit soybean production by increasing the drought tolerance of N 2 fixation.
INTRODUCTION
The current global atmospheric carbon dioxide concentration ([CO 2 ]; ≈ 360 µmol mol -1 ) has been projected to double by the middle of the next century (Watson et al. 1990 ). Elevated [CO 2 ] is likely to affect carbon cycling and crop productivity by stimulating photosynthesis. However, according to climate models, increases in atmospheric [CO 2 ] and other greenhouse gases have been predicted to cause corresponding rises in global temperatures and could result in increased drought conditions in some areas of the world (Manabe & Wetherald 1987) . The concept of simultaneously limiting resources has important implications for understanding crop responses to environmental changes and plant nutrition (Chapin et al. 1987) . Under climate change conditions, crop productivity may become limited by environmental factors such as soil water and N (Bazzaz 1990; Seligman & Sinclair 1995) .
Nitrogen limitation to plant growth and production is a major constraint on carbon storage in ecosystems. Elevated [CO 2 ] may lead to increased N demand at the plant level, by stimulating growth (Ingestad 1982) , and result in increased C:N ratio of the plant (Luo, Field & Mooney 1994) . Some authors Zanetti et al. 1996) postulated that legumes, which can fix atmospheric N 2 , would have an advantage over other plants. Legumes could respond to a potential C:N imbalance caused by elevated [CO 2 ] by introducing N through symbiotic N 2 fixation. Specific activity of soybean nodules increased in proportion to increases in the shoot C:N ratio (Bacanamwo & Harper 1996) . However, these effects can only be reasonably expected as long as the N 2 fixing symbiosis is not restricted by other factors, such as drought.
There have been a number of reports on soybean responses to CO 2 enrichment (Rogers et al. 1984; Allen et al. 1991; Ziska & Bunce 1995) . However, most investigations dealt mainly with plants receiving adequate water and mineral N nutrition. Yet, symbiotic N 2 fixation and drought stress may be extremely important issues under a climate change scenario because a large proportion of plant growth on a seasonal and a geographical basis may occur on N-and water-deficient soils. As soil water availability is the environmental factor most limiting for crop growth (Boyer 1982) , it is crucial to analyse the possible interactions of water deficits and [CO 2 ] upon major crops such as soybean. Only a few investigations have considered the consequences of soil water deficits imposed on plants exposed to CO 2 -enriched atmospheres (Allen et al. 1994) , and there is practically no information about N 2 fixation of soybean subjected to elevated CO 2 and exposed to drought stress.
Previous research has shown that N 2 fixation in soybean is extremely sensitive to drought and begins to decrease at relatively high soil water contents, even before leaf gas exchange decreases (Kuo & Boersma 1971; Durand, Sheehy & Minchin 1987; Sinclair et al. 1987) . This sensitivity of N 2 fixation to soil drying may constitute a serious constraint on nitrogen accumulation and yield potential of soybean subjected to soil drying (Sinclair et al. 1987) . Field comparisons of the relative responses of N 2 fixation and biomass accumulation to drought confirmed the conclusion that N 2 fixation was more inhibited by soil dehydration than C accumulation (Sinclair et al. 1987; Serraj et al. 1997) .
The role of oxygen limitation in the response of nitrogenase activity to drought stress has been extensively discussed (Diaz del Castillo & Layzell 1995; Purcell & Sinclair 1995; Serraj & Sinclair 1996a) . However, the mechanisms by which drought affects nodule permeability to oxygen have not been elucidated. Recently, nodule sucrose synthase and carbon metabolic limitation have also been suggested as important aspects of the response of N 2 fixation to drought (Gonzalez et al. 1995; Gordon et al. 1997) .
There was an early report that the decline of soybean N 2 fixation under drought was associated with a decline in photosynthesis (Huang, Boyer & Vanderhoef 1975) . The inhibition of nitrogenase activity at low water potential was partially reversed by exposing the plants to high [CO 2 ]. These findings have been recently corroborated by Purcell et al. (1997) , who demonstrated that the increased tolerance of N 2 fixation to drought in the soybean cultivar Jackson was associated with greater export of photosynthates from leaves to roots and nodules. However, the specific soybean nodule activity has not been found to increase in response to short-term CO 2 enrichment (Finn & Brun 1982; Williams, Dejong & Phillips 1982) . It is mostly nodule mass that increases following long-term CO 2 exposure.
Therefore, it was hypothesized that CO 2 enrichment of soybean under drought conditions would increase photoassimilation and C partitioning to nodules, which would stimulate nodule growth and/or activity under soil water deficits. The first objective of this research was to compare the combined effects of water deficits and CO 2 enrichment on nodulation and N 2 fixation in soybean.
In soybean, the main transport products from the nodules to the shoot are allantoin and allantoic acid, collectively know as ureides. It has been recently discovered that ureide levels in soybean increase dramatically when plants are subjected to drought stress (Sinclair & Serraj 1995; de Silva, Purcell & King 1996; Serraj & Sinclair 1996b) . It has been suggested that N 2 fixation in legumes might be regulated under stress conditions by a feedback mechanism involving N metabolism (Silsbury, Catchpole & Wallace 1986; Parsons et al. 1993; Hartwig et al. 1994) . Therefore, a second objective of this study was to determine the effects of CO 2 enrichment on ureide and carbohydrates partitioning under drought conditions.
MATERIALS AND METHODS

Plant culture
Experiments were conducted in greenhouses in Gainesville, FL, USA during October/November 1995 and April/May 1996. All plants were initially grown in a common glasshouse under ambient CO 2 and well-watered conditions for 4 weeks until the plants reached the V4 to V5 growth stage (Fehr et al. 1971) . Seeds of soybean cv Braxton were sown in pots (10 cm diameter × 30 cm tall) constructed for making flow-through measures of acetylene reduction activity (ARA) (Serraj & Sinclair 1996a) . The pots were filled with a mixture of 2/3 potting soil (Vitagreen, Inc., Clermont, FL, USA) and 1/3 vegetable plug mix (W.R. Grace and Co., Cambridge, MA, USA). Each pot contained ≈ 3 kg of soil mixture inoculated with a commercial preparation of Bradyrhizobium japonicum (Nitragin, Milwaukee, WI, USA). Natural light was supplemented with incandescent lamps to give a 16 h photoperiod so that the plants remained in vegetative development throughout the experiment. Day/night temperatures were ≈ 28/20°C. Pots were overseeded and thinned to one plant per pot after emergence. At 4 weeks, the plants were divided into two groups and transferred to two adjacent greenhouses for exposure to differing atmospheric [CO 2 ]. The [CO 2 ] of one greenhouse was at ambient levels (≈ 360 µmol mol -1 during the daylight period) and the other was maintained at a concentration of 700 µmol mol -1 . The elongated greenhouses (27·4 m) had a semicircular cross section with the maximum width (4·3 m) at the base. Air was drawn through the greenhouse by computercontrolled variable-speed fans at one end. In the CO 2 -enriched greenhouse, CO 2 was injected through a controlled valve into a prediluted air ductwork arch located 1·2 m inside the entry end of the house. Jets of enriched air from the duct provided uniformly enriched air to the greenhouse. The CO 2 injection rate was computercontrolled based on ventilation fan speed and a proportional-integral-differential algorithm. Continuous air sampling at 7 m downstream from the injection provided data for the algorithm. The soybean plants were located 2·4 m downstream from the CO 2 injection point. Plants were exposed as individuals and not as a closed canopy.
Water deficit treatment
Following the transfer of plants to the CO 2 -exposure greenhouses, the plants were allowed to acclimate for 2 d before beginning the soil drying experiment. After acclimation, a two-piece lid was attached to the top of each pot and sealed around the plant stem to prevent direct soil evaporation. The pot was watered, allowed to drain overnight, and weighed to determine the hydrated weight of the pot. This first day when the initial weight of the pot was measured was defined as day one of the experiment (1 DOE). In the following days the well-watered pots were allowed to dry to a weight 200 g less than the fully hydrated weight, and then watered daily to return the pots to this weight. Because [CO 2 ] can affect the soil water depletion rate and timing, the pots in the droughtstressed treatments were watered daily so that the daily net water loss was held to 70 g. Consequently, the daily rate in the development of soil water deficit was equivalent under the two [CO 2 ] treatments. The dehydration of the pots took 17 d in both experiments.
An important reference for comparing the water deficit to which the plants were being subjected was the relative fraction of available soil water. The concept of fraction of transpirable soil water (FTSW) was used whereby soil water status is defined by the amount of water remaining in the soil relative to the total amount of soil water that is used by plants in transpiration (Sinclair & Ludlow 1986 ). The total transpirable soil water was determined for each pot according to the definition of Sinclair & Ludlow (1986) as the difference between the initial pot capacity and the weight when the daily transpiration rate decreased to < 10% of the control plants. The daily FTSW value was therefore calculated as the ratio between the amount of transpirable soil water still remaining in the pot at the end of the day and the total transpirable soil water.
In situ acetylene reduction ARA was measured each afternoon for each of the five plants in each [CO 2 ] and water regime. These daily measurements were made over the entire 17 d dehydration cycle by flowing a mixture of 0·1 acetylene:0·9 air (v/v) at 1 dm 3 min -1 through the pots (Serraj & Sinclair 1996a ). Ten minutes were allowed to establish an equilibrium rate of ethylene production. The ethylene concentration in 1 cm 3 samples, collected at the exit port of each pot, was analysed in a gas chromatograph equipped with a flame ionization detector. Following the collection of the gas samples, the pots were flushed with air for at least 45 min to remove all residual acetylene and ethylene. On each day, the ARA of each stressed plant was normalized relative to the mean rate of the well-watered plants (NARA). In addition, ARA for each plant was summed for the entire experimental period to give a cumulative ARA (CARA).
Plant sampling
Plants were destructively sampled during the experiments to determine dry matter accumulation in various components of the plant. An initial harvest was performed only on plants from the ambient [CO 2 ] greenhouse. Three plants were harvested on 2 DOE in expt 1 and seven plants were harvested on 1 DOE in expt 2. All subsequent harvests were of five plants from each [CO 2 ] treatment and watering regime. The additional harvests were on 10 and 17 DOE of expt 1 and on 8, 13, 18 DOE of expt 2. Each plant was detached at ground level and separated into shoots, roots and nodules in expt 1, and leaves, stems, petioles, roots and nodules in expt 2. Dry weights were determined after oven drying at 70°C for 48 h.
Ureides were extracted from ground tissues. Samples of ≈ 0·1 g dry weight (DW) were extracted with 1·0 cm 3 of 0·2 kmol m -3 NaOH in a boiling water bath for 30 min. The ureide concentration in the extracts was determined colorimetrically using the method of Young & Conway (1942) .
Starch and soluble sugars were analysed in nodule, shoot and root tissues, and total non-structural carbohydrate (TNC) levels were computed from the sum of starch and soluble sugars. Approximately 0·1 g of ground DW tissue was refluxed twice, each time with 10 cm 3 of an 80% ethanol solution at 95°C for 1 h. After centrifugation (10 000g, 15 min), the supernatants (containing soluble sugars) were combined and the pellet (starch) was oven dried at 60°C overnight. The ethanol extracts were evaporated to ≈ 3 cm 3 , and distilled water was added to a volume of 10 cm 3 . The solution was mixed with ≈ 20 mg of finely divided activated charcoal (Niorit A), the tubes were then shaken gently and centrifuged (5000g, 15 min) to produce a clear alcoholic extract. This charcoal purification step was essential to remove ethanol-soluble materials in plant extracts (Hendrix 1993) . The purified extract was assayed for soluble sugars using an enzymatic procedure (Boehringer Manheim, no. 716260). The pellet was suspended in 1·0 cm 3 of 0·2 kmol m -3 KOH and placed in boiling water for 30 min. After cooling, the pH was adjusted to 5·5 with 1·0 kmol m -3 acetic acid. Dialyzed amyloglucosidase (from Aspergillus oryza, Sigma Chemical Co., St Louis, MO, USA) solution (1 cm 3 ; 50 units of enzyme cm -3 Na acetate buffer, pH 4·5) was added to each sample, and the flasks were incubated at 55°C for 1 h. Following incubation and centrifugation at 10 000g for 30 min, the glucose content in the supernatant was determined colorimetrically (procedure # 635, Sigma Chemical Co.).
Data were statistically analysed using the general linear model procedure (GLM) of SAS Institute (1988), with models appropriate to the experimental designs.
RESULTS
The changes in soybean nodule number and biomass during expts 1 and 2 are given in Fig. 1 [CO 2 ] treatment. The beneficial effect of elevated CO 2 on nodule DW under drought was associated with an increase in nodule number. However, the effect on nodule number was not statistically significant in expt 2. Total plant DW was correlated (r 2 = 0·91) to nodule DW using the same linear regression for both [CO 2 ] treatments (Fig. 2) over all sampling dates.
There was no consistent difference between CO 2 treatment and CARA for well-watered plants, in either of the two experiments (Table 1) . By contrast, under droughtstressed conditions the exposure of soybean plants to 700 µmol mol -1 [CO 2 ] resulted in significantly higher cumulative acetylene reduction rates in both experiments than exposure to ambient [CO 2 ] ( Table 1 ). The effect of elevated [CO 2 ] on N 2 fixation for drought-stressed plants was especially evident when ARA data were normalized against the initial values of the controls and plotted against FTSW (Fig. 3) . By expressing the response in terms of soil water content, it is also possible to resolve whether there is any inherent difference in plant response to the same level of water deficit. Exposure to 700 µmol mol -1 [CO 2 ] resulted in a delay in the decrease in N 2 fixation rates relative to the soil water content. For both experiments, the plots of NARA against FTSW were represented by different logistic equations for the two [CO 2 ] treatments (Fig. 3 ). These equations indicated that NARA was not affected by soil drying at a FTSW of ≈ 0·4. At FTSW < 0·4, NARA was substantially different between the two CO 2 treatments. During this last part of the dry down (0 < FTSW < 0·4), NARA values averaged 0·46 and 0·77 in expt 1 and 0·53 and 0·82 in expt 2 for the ambient and elevated [CO 2 ], respectively. These differences based on a t-test were highly (P < 0·001) significant. Drought stress resulted in increased ureide concentration in nodule, root and shoot tissues, regardless of the CO 2 treatment. Ureide accumulation under drought was noticeable in expt 1 on 10 and 17 DOE, and was especially dramatic in nodules (Table 2 ). This drought-induced accumulation of ureides was also apparent in the data from expt 2 (Fig. 4) . Exposure to 700 µmol mol -1 [CO 2 ], compared with the ambient [CO 2 ] treatment, resulted in substantially lower ureide accumulation in response to drought in leaf and petiole tissues (P < 0·05), whereas no significant difference was detected in stem and root tissues. Interestingly, nodule ureide levels were not highly sensitive to [CO 2 ] treatment, with a statistical difference found in expt 2 but not in expt 1. The TNC data showed significant interaction between CO 2 and drought-stress treatments (Table 3) . At 10 DOE in expt 1, the increase in shoot TNC under elevated CO 2 for both well-watered and drought-stressed plants was the only significant change in TNC. Later on (17 DOE), TNC concentration in response to drought was unchanged in the roots and lower in the shoots; however, plants under elevated [CO 2 ] had much higher TNC levels than under ambient [CO 2 ]. For both CO 2 treatments, drought stress induced a substantial accumulation of TNC in the nodules; nodule TNC in drought-stressed plants was almost 3-fold higher than the well-watered plants (Table 3 ). The plots of TNC concentration against FTSW in expt 2 are shown in Fig. 5 . As the soil dried to values close to 0·4 FTSW, TNC levels started to decrease in leaves and increase in the other tissues, for both [CO 2 ] treatments. However, these trends were greater under the 700 µmol mol -1 [CO 2 ] treatment than under ambient [CO 2 ]. The levels of TNC in the shoots in expt 1 and the leaves in expt 2 were related to those of ureide levels in the same tissues. The plots of shoot and leaf ureide against TNC were represented by similar logistic curves for both experiments (Fig. 6 ), which indicates a relationship between the ureide accumulation under drought and the decrease of TNC levels.
DISCUSSION
This study revealed that elevated [CO 2 ] allowed soybean plants under drought to maintain significantly greater nodule growth and N 2 fixation rates relative to those under ambient [CO 2 ]. Normally, this effect could result because elevated [CO 2 ] was associated with decreased water loss by leaf transpiration, as indicated by cumulative transpiration (Table 1) , and this could lead to a delay in the onset of drought stress under high CO 2 (Morison 1993 ). This was not the case in our experiments, however, because the pots were rewatered daily so that the decrease in soil water content was equivalent between CO 2 treatments (Serraj, Allen & Sinclair 1998) . Consequently, on each day, plants in the two [CO 2 ] treatments were being subjected to the same soil water deficit, i.e. similar FTSW.
The significant finding from this study was that exposure of soybean plants to the elevated [CO 2 ] treatment changed the inherent response of NARA to soil water content (Fig. 3) . That is, the [CO 2 ] enrichment treatment resulted in a fundamental change in N 2 fixation response to drying soil so that N 2 fixation was substantially more tolerant of water deficits under elevated [CO 2 ]. This change in response to elevated [CO 2 ] differs from the lack of change in response observed in transpiration, leaf growth, and leaf photosynthesis (Serraj et al. 1998) .
The observed shift in tolerance of N 2 fixation to drought stress under elevated [CO 2 ] is consistent with a hypothesis that CO 2 enrichment of soybean under drought enhances photoassimilation by soybean and increases partitioning of carbon to nodules. The TNC data showed a significant effect of [CO 2 ] on drought-stress treatments (Table 3) . Under drought, the plants exposed to elevated [CO 2 ] had much higher TNC levels than the ones exposed to ambient [CO 2 ]. However, for both CO 2 treatments, drought stress induced a substantial accumulation of TNC in the nodules (Table 3) , which paralleled ARA decline. Therefore, these results from the drought-stress treatments are not consistent with the idea of a limitation on nodule activity as a result of carbon supply.
The contrasting responses to drought of ARA and nodule TNC concentration observed in this study have been reported previously by other researchers (Prarajasingham & Knivel 1990; Schubert et al. 1995; Gordon et al. 1997) . Streeter (1981) observed that high levels of nodule carbohydrates were associated with nitrogenase decline during the reproductive stage, and he concluded that the carbohydrate concentration in nodules is not a good indicator of nodule activity. An early report by Wheeler (1971) proposed that nodule carbohydrates may be involved in nodule growth and maintenance rather than nodule activity. More recently, Weisbach et al. (1996) showed that whole-nodule carbon metabolites were not determinants of nodule activity, either through a direct metabolic involvement or through indirect effects on oxygen permeability.
An alternative explanation of nitrogen fixation response to stress is provided by the mechanism of feedback inhibition by ureides (Purcell & Sinclair 1994; Sinclair & Serraj 1995) . We recently proposed a simple sequence of events during the inhibition of nitrogen fixation by drought stress (Serraj & Sinclair 1996b) . Drought stress may result in: (1) a decrease in N demand by the shoot and a limited water availability in the nodule; (2) a decrease in the transport of N solutes, including ureides; (3) an accumulation of products associated with nitrogen fixation in the nodules; and (4) inhibition of nitrogenase activity in the bacteroids. The ureide data in the present work may offer some insight into this hypothesis. Under drought stress, the ureide concentration increased in nodule, root and shoot tissues in both CO 2 treatments (Table 2 &  Fig. 4) . Importantly, plant exposure to 700 µmol mol -1
[CO 2 ] resulted in a lower accumulation of droughtinduced ureide levels than in ambient [CO 2 ] at the final harvest of shoots (Table 2 ) and of leaves and petioles (Fig. 4) . These data indicate that ureide accumulation in the plant shoot may be important in a feedback signal to the nodules.
On the other hand, the failure to obtain a consistent, marked difference in nodule ureide levels between CO 2 treatments with drying soils indicates a refinement may be needed in the feedback hypothesis. The results obtained in these experiments indicate that large changes in bulk ureide levels in the nodule may not be the source of a putative feedback. Rather, the involvement of ureide in a feedback effect may be at a localized trigger in the nodules. An increased ureide level or flux at a specific site in the nodule may be an important aspect of a ureide feedback hypothesis (Purcell & Sinclair 1994 reduction in N content of plant tissues (Wong 1979; Norby, Pastor & Melillo 1986) . However, the reduction in N concentrations observed for plant tissue generated under elevated CO 2 treatments does not generally exceed an average of 13% (Soussana & Hartwig 1996) , whereas in our work elevated [CO 2 ] triggered more than 50% reduction in leaf ureide contents (Table 2 & Fig. 4) . The great effect of [CO 2 ] on ureide accumulation in the leaves taken together with the relationship observed between ureide accumulation and a decrease of TNC levels under drought (Fig. 6) are consistent with the importance of ureide breakdown in the response of N 2 fixation to drought and the hypothesis of feedback inhibition by ureides. If the main effect of elevated [CO 2 ] under drought is to increase N-sink strength (Ingestad 1982) , we speculate that this would result in a stimulation of ureide catabolism in the leaves, N 2 fixation would be sustained to meet the demand by maintaining nodule growth and activity. This concept has been proposed by several authors (Silsbury et al. 1986; Parsons et al. 1993; Hartwig et al. 1994; Sinclair & Serraj 1995; Soussana & Hartwig 1996) . Although no mechanism for feedback inhibition of N 2 fixation has yet been demonstrated in legume nodules, indirect physiological evidence is consistent with this hypothesis (Streeter 1993; Oti-Boateng & Silsbury 1993; Hartwig et al. 1994; Sinclair & Serraj 1995; Bacanamwo & Harper 1997) . Further work is required to analyse the interactions of ureide and N metabolism under drought and CO 2 enrichment.
In summary, the results of these experiments confirm the beneficial effects of high [CO 2 ] on N 2 fixation in soybean exposed to drought stress. These experiments show that the high sensitivity of N 2 fixation to soil drying is alleviated by two factors under increased [CO 2 ]. First, the well-recognized conservation of water under high [CO 2 ] means that the rate of soil drying is slowed under high [CO 2 ] compared with current [CO 2 ]. As a result, there is a delay in when the soil water contents dry to levels that result in decreased N 2 fixation. The second factor discovered in these experiments is that the inherent response of N 2 fixation to soil water content is altered under increased [CO 2 ]. That is, the sensitivity of N 2 fixation to soil drying is changed to a substantial degree under an increased [CO 2 ] to a tolerance of N 2 fixation to drought. From these significant affects of [CO 2 ] and drought stress on nodule growth and activity, we suggest that future [CO 2 ] increases are likely to benefit soybean production by increasing the drought tolerance of N 2 fixation, C assimilation, and reducing water and N requirements. Figure 6 . Plot of shoot and leaf ureide concentration as a function of total non-structural carbohydrate (TNC) concentration in two greenhouse experiments with soybeans exposed to two atmospheric CO 2 concentrations and two watering treatments.
